It has been shown that efficient functioning of photosynthesis and respiration in the cyanobacterium Synechocystis PCC 6803 requires the presence of either cytochrome c 6 or plastocyanin. In order to check whether the blue copper protein plastocyanin can act as electron donor to cytochrome c oxidase, we investigated the intermolecular electron transfer kinetics between plastocyanin and the soluble Cu A domain (i.e. the donor binding and electron entry site) of subunit II of the aa 3 -type cytochrome c oxidase from Synechocystis. Both copper proteins were expressed heterologously in Escherichia coli. The forward and the reverse electron transfer reactions were studied yielding apparent bimolecular rate constants of (5.1 ± 0.2) · 10 4 M À1 s À1 and (8.5 ± 0.4) · 10 5 M À1 s À1 , respectively (20 mM phosphate buffer, pH 7). This corresponds to an apparent equilibrium constant of 0.06 in the physiological direction (reduction of Cu A ), which is similar to K eq values calculated for the reaction between c-type cytochromes and the soluble fragments of other Cu A domains. The potential physiological role of plastocyanin in cyanobacterial respiration is discussed.
Introduction
Cyanobacteria have uniquely accommodated both oxygenic photosynthesis and aerobic respiration within a single prokaryotic cell [1] . The intracytoplasmic (thylakoid) membrane (ICM) shares a number of components of both redox pathways such as the plastoquinone pool and cytochrome b 6 f [1, 2] , while the cytoplasmic (plasma) membrane (CM) contains a respiratory electron transport chain only but no photosynthetic reaction centers [3, 4] . However, in contrast to eukaryotic organisms and most other bacteria, our knowledge of cyanobacterial respiratory electron transport chains remains insufficient for an understanding of its role in an oxygenic phototrophic bacterium, though its occasionally indispensible role as a bioenergetic stress defence mechanism has been well established [5] .
Analysis of the entire genome of the cyanobacterium Synechocystis PCC 6803 (Pasteur Culture Collection) showed the occurrence of genes encoding an aa 3 -type cytochrome c oxidase (CcO), and two additional sets of genes for other terminal respiratory oxidases [6] , interpreted as cytochrome bo-and bd-type quinol oxidases [7] . A special respiratory cytochrome c is lacking in cyanobacteria and it has been proposed that these organisms use cytochrome c 6 to serve both photosynthesis and respiration [8] . Additionally, cyanobacteria bridge the gap between the b 6 f complex and photosystem I by the blue copper protein plastocyanin. In all cyanobacteria studied so far cytochrome c 6 and plastocyanin are functionally interchangeable and share a number of similar physicochemical and structural features that allow them to interact with the same redox partners [9, 10] . Plastocyanin (PC) from filamentous strains is usually positively charged at pH 7, whereas the isoelectric point of PC from unicellular species is mostly acidic. A similar situation holds for the c 6 -type cytochromes. Certain cyanobacterial species (e.g. Anacystis nidulans) do not synthesize PC at all, but in those species where both redox proteins are synthesized, the expression level of the corresponding genes is controlled by the copper concentration in the growth medium [11] [12] [13] . Recently, two deletion mutants of the cyanobacterium Synechocystis PCC 6803, each variant lacking either the petE gene (encoding PC) or the petJ gene (encoding cytochrome c 6 ) and their photoautotrophic and heterotrophic growth rate in copper-free and copper-supplemented medium have been investigated. The findings clearly demonstrated that efficient functioning of photosynthesis and respiration in Synechocystis PCC 6803 requires the presence of either cytochrome c 6 or plastocyanin [14] . All these data seem to confirm the suggestion of Lockau [15] that PC could function as an electron carrier in cyanobacterial electron transfer (ET) chains.
In order to characterize potential modes of interaction between PC and the cyanobacterial CcO the present stopped-flow study was performed. In detail, we looked at the reaction between recombinant Synechocystis PC and the recombinant truncated bimetallic copper A (Cu A ) domain (i.e. the electron entry and donor binding site) of CcO from Synechocystis PCC 6803. Recently, it has been shown that this soluble redox-active purple Cu center reacts with horse heart cytochrome c at a rate of 2.1 · 10 4 M À1 s À1 at pH 7.0 and low ionic strength and that it exhibits several structural peculiarities [16] . Here, for the first time it is demonstrated that a blue (type-1) copper protein can exchange electrons with a Cu Acenter. Forward and reversed second-order rate constants as well as the equilibrium contant at pH 7.0 are presented and the findings are discussed with respect to their physiological relevance.
Experimental procedures

Materials
Standard chemicals and biochemicals were obtained from Sigma Chemical Co. at the highest grade available. Cloning, heterologous overexpression and purification of the soluble domain of subunit II (SUII) of Synechocystis CcO has been described by Paumann et al. [16] . DNA and protein sequences of plastocyanin were based on the sequences provided by Cyanobase, the genome database for Synechocystis sp. PCC 6803 (http:// www.kazusa.or.jp/cyano/Synechocystis). Primers were designed for the cytoplasmic expression of the petE gene coding for the amino acid residues 29-126 of PC, excluding the 28 amino acid signal peptide [21] . The synthetic oligonucleotide primers were purchased from genXpress (Maria Wö rth, Austria). Primer 1 (5 0 -GGG AAT TCC ATA TGG CCA ATG CAA CAG TGA AAA TGG G-3 0 ) introduced an NdeI restriction site and an ATG start codon. With primer 2 (5 0 -GGA AGA TCT TTA CTC AAC GAC AAC TTT GCC TAC-3 0 ), a BglII restriction site and a TAA termination codon were introduced. A cell suspension of Synechocystis grown in BG11 medium [18] for three weeks at 35°C in a shaker under illumination was used as a template for PCR. DyNAzyme EXT DNA polymerase was used for PCR, which was carried out under the following conditions: 95°C for 10 min (hot start); 30 cycles of 94°C for 40 s, 55°C for 30 s, 72°C for 30 s; followed by a final step of 72°C for 10 min. A single PCR product of the expected size (320 bp) was obtained and purified using the GFX PCR DNA and Gel Band Purification Kit. The PCR product was digested with the restriction enzymes NdeI and BglII and cloned into the NdeI and BamHI digested, alkaline phosphatasetreated expression vector pET-3a [19] . The insert was sequenced by the dideoxy chain termination method [20] . Competent Escherichia coli BL21(DE3)pLysS was transformed by electroporation (Gene Pulser, Bio-Rad). Positive clones carrying the recombinant plasmid were selected by PCR and grown overnight in LB medium containing 100 lg/ml ampicillin and 25 g/ml chloramphenicol on an orbital shaker at 180 rpm and 37°C. M9ZB medium containing the same antibiotics was inoculated with the overnight culture in a 1:100 ratio and grown at 37°C at 180 rpm to an OD 600 = 1. Protein expression was induced by the addition of IPTG (isopropyl b-D D-1-thiogalactopyranoside) to a final concentration of 1 mM and carried out at 16°C on an orbital shaker at 180 rpm. 20 h after induction cells were harvested by centrifugation (5000g, 10 min, room temperature) and stored at À80°C.
The cell paste (obtained from 1 L E. coli culture) was thawed and resuspended on ice in 40 mL of lysis buffer (50 mM Tris-HCl, pH 8.0, 2 mM EDTA, 0.1% Triton X-100, 1 mM PMSF (phenylmethylsulfonyl fluoride), 5 lM leupeptin, 5 lM pepstatin A and 0.5 mM DTT (dithiothreitol)). The lysis suspension was sonicated on ice (three times 40 s of short pulses to break down genomic DNA to reduce the viscosity of the suspension). Cell debris was removed by centrifugation (15,600g, 20 min, 4°C) and PC was purified from the supernatant by column chromatography in three steps.
Protein purification and reconstitution of the copper site
The supernatant was loaded on a Q Sepharose Fast Flow column (2.6 · 22 cm), which was equilibrated with 50 mM phosphate buffer (pH 6.5). The column was washed with 200 mL of equilibration buffer. PC did not bind to the column and was found in the flow-through fractions. The pH of the pooled fraction was adjusted to 8.0 before it was loaded on a DEAE Sepharose Fast Flow column (2.6 · 14 cm), which was equilibrated with 50 mM phosphate buffer (pH 8). The column was washed with 150 mL of equilibration buffer and again PC did not bind to the column. In both chromatographic steps fractions were tested for PC by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; T = 15%, C = 2,67%; T, total monomer concentration; C, crosslinking monomer concentration). For the reconstitution of the active site the pH was adjusted to 4.8 with 120 mM HCl. The protein solution developed abruptly a very strong, characteristic for PC blue color, when a 100 mM Cu(His) 2 solution was added. Spectra were taken and Cu(His) 2 was added until no further increase of the characteristic peak of oxidized PC (603 nm) could be observed. This was the case with a 20-fold molar excess of Cu(His) 2 relative to the estimated PC protein concentration (e 280 nm = 9940 M À1 cm À1 ), neglecting the presence of other proteins at this point. The reconstituted PC solution was adjusted to 1.5 M ammonium sulfate by adding solid ammonium sulfate before it was loaded onto a Phenyl Sepharose 6 Fast Flow (high sub) column (1.6 · 15 cm), which was equilibrated with 67 mM phosphate buffer (pH 7) containing 1.5 M ammonium sulfate. The column was washed with 60 mL equilibration buffer before proteins were eluted by a 120 mL of 1.5-0 M ammonium sulfate gradient. Blue fractions were pooled and dialyzed against 10 mM Hepes (pH 7.0). PC was concentrated by reverse osmosis (using a dialysis membrane and polyethylene glycol 20000) and stored at À80°C. All steps apart from the Phenyl Sepharose 6 Fast Flow column were carried out at 4°C.
Mass spectrometry
Mass spectrometry was performed on a Waters Micromass Q-TOF Ultima Global with offline infusion using PicoTips ä (New Objectives, MA). For tuning and calibration purposes Glu-Fibrinopeptide B (Sigma, Vienna) was used. Spectra were acquired under the following conditions: Capillary voltage: 1.5 kV, cone Voltage: 35 V, cone gas: 60 L/h, sample solution was delivered by a syringe pump at a flow rate of approx. 300 nL/min. Prior to analysis, samples were diluted in the same volume of acetonitrile containing 1% formic acid. The protein concentration in this solution was about 40 pmol/lL. An m/z range from 600 to 2000 was analyzed. Spectra were deconvoluted by the MaxEnt1 function of MassLynx 4.0 software.
Reduction of plastocyanin and the soluble Cu A domain of CcO SUII
For both steady-state and presteady-state spectrophotometric measurements PC and the soluble Cu A domain of CcO SUII was reduced by the addition of a 10-fold molar excess of sodium ascorbate which was subsequently removed by gel filtration on Sephadex G-25 (PD-10 Amersham-Pharmacia). Reduced PC was stored at À80°C, whereas the Cu A domain was always reduced freshly before use. During measurements the protein solutions were kept on ice in the dark. Under these conditions both reduced proteins were insensitive to auto-oxidation as routinely checked by spectrophotometry.
Steady-state and stopped-flow spectrometry
Steady-state spectrophotometric measurements were made on a diode-array spectrophotometer Specord S10 (Zeiss) and a Hitachi Model U-3000 spectrophotometer, respectively. The PC concentration was calculated by using the extinction coefficients of 4630 M À1 cm À1 at 603 nm for the oxidized and 9940 M À1 cm À1 at 280 nm for the reduced and desalted protein (this work). The soluble Cu A domain concentration was determined by using the extinction coefficient of 2820 M À1 cm À1 at 482 nm [16] .
Stopped-flow measurements were made using the model SX-18MV stopped-flow spectrophotometer from Applied Photophysics equipped with a 1 cm observation cell thermostated at 25°C. Calculation of pseudofirst-order rate constants (k obs ) from experimental traces at 482 and 603 nm was performed with the SpectraKinetic workstation v4.38 interfaced to the instrument. The kinetics of both the oxidation of reduced PC by the recombinant Cu A domain (forward ET reaction) and the reduction of oxidzed PC by the reduced Cu A domain (reverse ET reaction) was followed in the single mixing mode at either 603 nm (peak of oxidized PC) or at 482 nm (peak of oxidized Cu A domain). The first data point was recorded 1.5 ms after mixing and 2000 data points were accumulated. Second-order rate constants were calculated from the slope of the linear plot of pseudo-first-order rate constants versus protein concentration. Reactions were also investigated using the diode-array detector (Applied Photophysics PD.1) attached to the stopped-flow machine and the XScan Diode Array Scanning v1.07 software. Normal spectral data sets were also analyzed using the Pro-K simulation program from Applied Photophysics, which allows the synthesis of artificial sets of time dependent spectra as well as spectral analysis of enzyme intermediates.
Determination of the midpoint potential of recombinant plastocyanin
Stopped-flow spectrometry was used to assign the midpoint potential of recombinant plastocyanin [21] . The method involved the rapid mixing of oxidized plastocyanin with ferrocyanide and determination of absorbance of oxidized plastocyanin and ferricyanide in equilibrium. All experiments were carried out in the conventional stopped-flow mode as described above. Reactions were followed at 603 and at 420 nm using the monochromator attached to the stopped-flow machine. The following molar absorptivities were used to calculate the equilibrium concentrations of the two redox couples and finally the equilibrium constant, K eq : ferricyanide, e 420 nm = 1070 M À1 cm À1 , ferrocyanide and plastocyanin e 420 < 5 M À1 cm À1 (negligible) [22] , oxidized PC, e 603 nm = 4630 M À1 cm À1 (this work); reduced PC is colorless (no absorption of ferri/ferrocyanide at 603 nm). By using DG 00 = ÀRTlnK eq = ÀnFDE 00 the difference in midpoint potentials, DE 00 of PC and the ferri/ ferrocyanide system can be calculated (the gas constant R is equal to 8.31 J K À1 mol À1 , temperature was set to 298 K, n = 1, the Faraday constant F is 96485 J V À1 mol À1 ). At low ionic strength the reduction potential of FeðCNÞ 
Results and discussion
Characterization of recombinant plastocyanin from Synechocystis
The N-terminus of the petE gene was truncated in order to obtain the mature gene product. Amino acid residues 29-126 of PC were expressed in soluble form and the protein was successfully separated from other cytosolic proteins by several chromatographic steps as described in Section 2. The apparent molecular mass according to SDS-PAGE of about 10 kDa is consistent with the theoretical molecular mass and the mass spectrometric analysis (10,280 Da), which fits well with the theoretical mass of the mature apoprotein without the copper ion (63.5 Da), which is lost upon denaturation with acetonitrile. The calculated theoretical isoelectric point of PC is 5.53.
At pH 7.0 recombinant PC exhibits a strong broad band with an absorbance maximum at 603 nm. Two additional maxima are present at 460 and 785 nm ( Fig. 1(a) and copper occupancy of >94% at the active site. From the equilibrium reaction between recombinant oxidized PC and ferricyanide a midpoint potential of 345 ± 8 mV was determined which corresponds to that reported for wild-type PC purified from Synechocystis [17] .
In its oxidized form the Cu A domain has a characteristic purple color exhibiting two strong absorbance maxima at 482 nm (e = 2820 M À1 cm À1 ) and 535 nm (e = 3080 M À1 cm À1 ) ( Fig. 1(a) ), which arise from the interaction between the two Cu ions [16, 24] . Two additional maxima are present at 359 and 785 nm. As recently described, these spectral features and the determined molar S/Cu ratio [16] suggested an occupancy of the binuclear center of more than 90%, being a good precondition to investigate the interaction between both recombinant copper proteins.
Kinetics of interaction between plastocyanin and the Cu A center
Both copper proteins are colorless in their reduced form. Since ascorbate was used for the reduction of both copper proteins, we have also determined second-order rate constans for reduction of PC and the Cu A center by ascorbate. Compared to the interprotein ET (see below), these reactions are relatively slow. The rate constants were calculated to be (6.1 ± 0.8) · 10 2 and (3.9 ± 0.4) · 10 2 M À1 s À1 , respectively. Nevertheless, ascorbate was routinely removed by size exclusion chromatography. Fig. 1(b) demonstrates what happens when different concentrations of reduced PC (40-700 lM) are mixed with 40 lM of the binuclear center in its oxidized form. Depending on the initial concentrations distinct equilibria were established within seconds indicating that interprotein ET transfer reactions occurred. In order to investigate the kinetics of this ET reaction the conventional stopped-flow technique was applied and reactions were followed at both 482 and 603 nm as well as by using the diode-array detector attached to the stoppedflow machine. Figs. 2(a) and (b) show typical time traces, which were obtained when reduced PC was mixed with 20 lM oxidized Cu A -center (forward ET reaction). At all concentrations the observed phases could be fitted to a single exponential time course at both wavelengths. The kinetics of the decrease at 482 nm (reduction of the Cu A center) fully corresponded to that of absorbance increase at 603 nm (formation of oxidized PC). Together with a clear isosbestic point at 550 nm obtained by following the reaction with the diode-array detector (not shown) these findings strongly suggest a direct ET reaction between both copper proteins. The results of these experiments are shown in Fig. 2(e) where the fitted rate constants observed are plotted as a function of PC concentration. From the slope of the linear plot the apparent bimolecular rate constant of the forward ET reaction was determined to be (5.1 ± 0.2) · 10 4 M À1 s À1 in 20 mM phosphate buffer, pH 7, which is twice as fast as the reaction between horse heart cytochrome c and the Cu A domain. The finite intercept of the plot at 2.5 s À1 indicates that the reaction is reversible.
When mixing reduced Cu A domain with oxidized PC the absorbance increase at 482 nm (formation of oxidized bimetallic center) or the decrease at 603 nm (reduction of PC) were also monophasic (Figs. 2(c) and (d)) but the reaction was faster. The apparent bimolecular rate constant of the reverse ET reaction was calculated to be (8.5 ± 0.4) · 10 5 M À1 s À1 in 20 mM phosphate buffer, pH 7. Consistently, the finite intercept of the plot in Fig. 2(f) is smaller. 
Thermodynamic parameters
From the forward and reverse bimolecular rate constants an apparent equilibrium constant for the potential physiological direction was calculated to be 0.06 corresponding to a reaction Gibbs energy of 6.97 kJ/ mol (25°C). This indicates a higher stability of reduced PC versus the oxidized Cu A domain and reflects the more positive standard reduction potential of PC from Synechocystis, which was determined to be 345 mV. Recently, the reaction Gibbs energy D r G 0 of the reaction between horse heart cytochrome c and the bimetallic center of the Synechocystis Cu A domain in the physiological reaction was determined to be 4.25 kJ/mol (25°C ) in the physiological direction, which corresponds to an apparent equilibrium constant of 0.18 [16] . However, one has to keep in mind that the Cu A domain is only the electron entry site of CcO. In a functioning aa 3 oxidase the ensuing intramolecular ET reactions from the Cu A center to the low spin heme a and the a 3 -Cu B center that account for O 2 reduction are exergonic and thus could drive the thermodynamically unfavorable reaction in the physiological direction. Equilibrium constants <1 have also been previously observed in the reaction between bovine heart cytochrome c oxidase and cytochrome c [25] or between the Paracoccus denitrificans Cu A domain and horse heart cytochrome c or cytochrome c 552 [26] . Thus, it is likely that also PC acts as electron donor in vivo.
Physiological relevance
Topographical models of the transmembraneous subunits I, II and III of the Synechocystis PCC 6803 cytochrome c oxidase suggest that the C-terminal Cu A domain of subunit II is located in the periplasmic and thylakoid luminal spaces [27, 28] . Both cytochrome c 6 and PC are located inside the thylakoid lumen, and also a periplasmic cytochrome c 6 was clearly identified as an electron donor to CM-bound CcO [29, 30] . The occurrence of PC in the periplasmic space has not yet been proved. Both the Cu A protein and the two potential in vivo electron donors cytochrome c 6 and PC are acidic proteins. The corresponding isoelectric point (IEP) values are 4.3 [16] and 5.6 for both donors [31] . Approaching of identically charged proteins in solution proceeds against the electrostatic potential and the reaction is normally slow but accelerated in buffers of elevated ionic strength [32, 33] . By contrast, the intermolecular ET between the cationic horse heart cytochrome c and the Cu A domain has been shown to decrease upon the increase of ionic strength [16] . Regarding interchangeable cytochrome c 6 and PC, different redox proteins as electron donors with acidic IEPs were investigated in their interaction with respiring cyanobacterial membranes [34, 35] showing that reaction at low ionic strength is slow but increased at higher ionic strength. By contrast, PC reacts effectively with photosystem I at low ionic strength. It is known that in the thylakoid lumen ionic strength may rise as ions such as H + , Mg 2+ and Cl À accumulate during photochemical activity. And it is also known that oxidase activity is induced in the plasma membrane by growth under high ionic strength conditions. So it was hypothesized that the ionic strength can act as a ''switch'' for the electron transfer pathways in both plasma membrane and thylakoids [33] . Further investigations on the effect of ionic strength and pH on the interprotein ET reaction between PC and the Cu A domain will be performed. In addition, the kinetics of electron transfer between cytochrome c 6 and cyanobacterial cytochrome c oxidase has to be investigated under comparable experimental conditions.
